The present work is a re-evaluation of previous research on the durability of hot-mix asphalt made with recycled concrete aggregates from construction and demolition waste (CDW) with a different approach. Response surface methodology (RSM) was used to conduct this study. The kind of natural aggregates (schist and calcite-dolomite), the recycled concrete aggregates percentage (0%, 20%, 40% and 60%) and the water saturation (0% and 100%) were the pertinent factors for this methodology. Indirect tensile stress (ITS) was determined in mixtures fabricated with 0%, 20%, 40% and 60% recycled concrete aggregates. According to the results, the ITS of the bituminous mixtures increases as the percentage of recycled concrete aggregate increases. This behavior is more significant when calcite-dolomite is used as a natural aggregate. Water saturation has the same influence in both natural aggregates. The indirect tensile strength ratio (ITSR) was calculated to evaluate the stripping potential. According to the Spanish specifications, the results suggest that the percentage of CDW that can be used for hot mixes is 17% when schist is used as natural aggregate and 14% for calcite-dolomite.
Introduction
Construction materials surround our lives, it would be unthinkable to put them aside; buildings, roads and bridges among others are made of them. Beside of this, the construction activities play an important role in the economic development of the countries. Nevertheless, construction itself has a negative influence on the environment. It takes around 50% of raw material from nature; about 40% of total energy is consumed in its own procedures and produces 50% of total waste [1] , but unfortunately, it seems that waste management is reaching a crisis point in all the world [2] .
On the other hand, many of the European and the American roads are paved with hot-mix asphalt (HMA). As is well known, HMA is a combination of aggregates, the component in major portion (around 95%), which are bounded by a derivative of petroleum so-called bitumen. In order to preserve our environment and save the natural resources, contributing with sustainable development and circular economy, in the last decades some waste materials have been used as aggregate in bituminous mixtures and thus, help solve the waste management of construction and demolition waste (CDW) [3] . In particular, CDW can be used in several applications as aggregate, for example in the manufacture of HMA [4, 5] . According to the basis of the circular economy, the new paradigm of sustainability based on long-lasting design, maintenance and recycling [6, 7] , CDW would be able to use as a replacement of natural material as far as possible.
Nevertheless, the use of recycled concrete aggregates (RA) from CDW in the manufacture of HMA presents some drawbacks. One of the main disadvantages of RA is its tendency to absorb water because of the attached old cement mortar onto its surface, which is very difficult to remove. For that purpose, the RA can be pre-soaking with strong acids like HCl, H 2 SO 4 or H 3 PO 4 [8] , but although it improves the water absorption, the toxicity of this chemicals is a new problem to cope with. In addition, it must be taken into account that in some parts of the planet the deterioration of the pavements can be accelerated due to climate change [9] .
In addition, the infiltration of water is one of the main causes of deterioration of HMA [10] . Moisture damage appears when a film of water infiltrates in the mix causing the loss of bond between the mastic and the aggregates. Water weakens the mastic by permeation also, leading to a loss of cohesion. Moisture damage can cause stripping in HMA, which is one of the most important ways of failure of HMA. Both, the type of aggregate, the type of mastic or even the pH of the water are factors that can influence the occurrence of stripping in a bituminous mixture.
The response surface methodology (RSM) approach not only estimates the influence of each factor on the response, but also the interaction between them and eventually nonlinear terms that confer curvature to the response surface. For this purpose, an experimental set of runs is designed to achieve the maximum amount of information with the minimum number of experiments. RSM has been applied in the design of bituminous mixtures on many other occasions. In this regard, Haghshenas et al. used this technique to analyze the moisture damage resistance of stone matrix bitumen taking the passing sieve size 4.75 mm, the bitumen content and the lime content as factors in the factorial design [11] . Chávez-Valencia et al. conducted research based on RSM to predict the performance of bitumen pavement and demonstrated the adequate correlation of the partial second-order model with field specimens [12] . Al Nassar et al. also used this statistical approach to successfully optimize the mix design of cold bitumen emulsion mixtures [13] . Hamzah et al. analyzed the mixing and test temperature on the adhesion failure of bituminous mixtures by means of the RSM approach [14] .
In previous work, Pérez and Pasandín studied the stripping potential in HMA made with different RA percentages and two natural aggregates (schist and calcite dolomite) [5] . In the present paper, the same situation was studied using a new approach based upon the RSM.
The percentage of recycled concrete aggregate (RA), the percentage of water saturation of the specimens and the type of natural aggregate (NA) were the factors considered for this study.
Goal and Scope Definition
The aim of this work was to evaluate the influence of the percentage of recycled concrete aggregate (%RA), percentage of water saturation of the specimen (%S) and type of natural aggregate (NA), as well as the interactions between them on the indirect tensile strength (ITS) of an HMA. An AC 22 base G was chosen for this purpose. According to the European nomenclature, in Spain an AC 22 base 50/70 G is an asphalt concrete mixture with a nominal maximum grain size of 22 mm, used in base courses of road pavements, with 50/70 bitumen penetration and with a coarse gradation (G). The stripping process was also studied considering the indirect tensile strength ratio (ITSR) values. The mixture AC22 base G was chosen because the base layers have less strict requirements in the Spanish specification (PG-3) [15] .
For this purpose, after conducting some laboratory tests, we used a composite factorial design in order to obtain a regression model that makes it possible to determine the optimum level of the parameters mentioned above. A wide range of RA percentages (from 0% to 100%) was used in order to obtain an accurate model. This allows us to obtain the maximum RA percentage that should be used in the manufacture of the AC 22 base G, using the model equations, without the need of increasing the number of experiments. Therefore, the model significantly reduces the experimental work.
Materials and Methods

Materials
Natural Aggregates
Schist (35% of quartz) (NA1) and calcite dolomite (20% of quartz) (NA2) were used as natural aggregates (NA). Two quarries supplied the two virgin aggregates in fractions of 0/6 mm, 6/12 mm and 12/25 mm. These aggregates complied with the Spanish specifications, as it was shown by Pérez et al. [5] . The bulk specific gravity for NA1 was between 2.76 and 2.68 g/cm 3 and for NA2 between 2.88 and 2.82 g/cm 3 . The water absorption coefficient for NA1 ranged from 0.12% (fraction 12/25) to 0.21% (fraction 6/12) and 0.55% (fraction 12/25) to 0.82% (fraction 6/12) for NA2.
Recycled Aggregates (RA)
Construction and demolition waste (CDW) were used as recycled concrete aggregate (RA). The CDW was previously selected and crushed. The pollutants were removed. Then the CDW was sieved and finally washed. The entire process described above was carried out in the RA plant.
The RA plant produces fractions of 0/40 mm, but in this research, only coarse RA greater than 4 mm was used for the HMA production [5] . The composition in percent by mass, provided by the RA plant, is indicated in Table 1 . The impurities were visually detected and handily removed in order to guarantee a better heterogeneity of the RA. The flakiness index, 34%, and sand equivalent, 67%, values meet the requirements stipulated in the Spanish specifications [5] . It is important to notice that the RA does not comply with the Los Angeles fragmentation coefficient specification. After the test, the value obtained for this parameter was higher than 34 %. The maximum accepted value for Los Angeles coefficient in the Spanish specifications is 30%.
In addition, the water absorption coefficient value is around 6%, which was much higher than that of NA1 and NA2. It can be explained taking into account the presence of cement mortar from the concrete within the RA.
According to the X-ray fluorescence technique and as can be seen in Figure 1 , SiO 2 is the most relevant chemical component, around 60% in fractions for 8/11.2 and 10/14 mm and around 50% in the fraction of 0/2 mm. The percentage of CaO is around 20% for all fractions. In other words, the recycled concrete aggregate has a siliceous nature fundamentally; it means that a poor adhesiveness can be expected. In Figure 1 represents just the main components, the rest of them are present in proportions lower than 1%.
In this investigation, percentages of 0%, 20%, 40%, 60%, 80% and 100% RA were initially considered. However, as the laboratory evaluation was being conducted, the percentages of 80% and 100% were discarded due to the weakness of the mixtures made with these high percentages that made that during the compaction of the samples, some particles were detached. 
Filler
Portland cement was used as filler in all the mixtures. The Blaine surface area was 3350 cm 2 g −1 and the specific gravity, 3.12 gcm −3 and Pfeiffer´s penetration index had a value of −0.8 with a density of 1.03 gcm −3 .
Bitumen
The binder used complied with all the Spanish specifications (B50/70). It had a penetration grading of 69 × 10 −1 mm and a softening point with the ring and ball method equal to 48.5 • C.
Methodology
Mechanical Test
Eight hot-mix asphalt type AC 22 base 50/70 G course mixtures were designed with the Marshall method performed according to the Spanish NLT-159 standard [16] . For each hot-mix asphalt type, five cylindrical samples compacted with 75 blows per side were made with different bitumen percentages. The RA coarsest fractions were used to manufacture the Marshal specimens to obtain the optimum bitumen content as it was detailed by Pérez et al. [5] .
The eight hot-mix asphalt type AC 22 base 50/70 G course mixtures were designed with the same gradation but different percentages of RA. Four mixtures were prepared using NA1 with 0% (control), 20%, 40% and 60% of RA and four other samples for NA2 with the same percentages of RA as in the previous case.
Afterward, eight AC 22 base 50/70 G course mixtures were manufactured, but this time with the Marshall optimum bitumen content selected previously. The EN-12697 [17] was followed to analyze the stripping potential of the HMA.
This standard specifies that a minimum of six samples should be tested. The samples were subdivided into two subsets with three specimens in each subset. The "dry" subset was kept at room temperature, while the "wet" subset was saturated and was held in a water bath for 3 days at 40 • C. After that time, the specimens of each subset were left for a minimum of 2 h at 15 • C: the "dry" subset in air and the "wet" subset in water. The tensile strength of the two subsets was then determined. Cylindrical specimens were compacted with 50 blows on each side. Figure 2 shows the equipment used. In each AC 22 base, 50/70 G course mixture was evaluated their moisture damage resistance (stripping potential) by means of the indirect tensile strength ratio (ITSR). It was calculated in compliance with the European standard EN-12697-12 [17] . ITSR is defined by Equation (1):
where ITS w is the indirect tensile strength (MPa) of the wet samples and ITS D is the indirect tensile strength (MPa) of the dry samples. The ITSR provides information about the loss of cohesion of the mixture because of the action of the water within the specimen. The ITS test was performed according to the European standard EN-12697-23 [18] .
Response Surface Methodology
Response surface methodology can be defined as a collection of mathematical and statistical techniques to analyze situations in which a response is influenced by several variables [19] . For that purpose, a regression model for three factors is set in which the response is a linear combination of the factors, interactions and quadratic terms in the following way:
where y is the response, xj are the factors, β j , β ij and β jj are the regression coefficients of, respectively, factors, interactions and quadratic terms, k is the number of the variables or factors included in the factorial design. The quality of the regression was evaluated by testing the significance of the model and its lack-of-fit and by measuring R 2 . This value quantifies how much variability of the total observed response values can be explained by the model [20] .
As said before, the variables chosen in this study were the RA percentage (%RA), the percentage of water saturation, (%S), and the type of natural aggregate (NA). As can be seen in Table 2 , the percentages of recycled concrete aggregate are in the range of 0% to 60% spaced between them by 20%, the percentage of water saturation can only take two values 0% or 100% (totally dry or totally saturated) and the natural aggregate is characterized by the percentage of quartz (NA1, 35%; NA2, 20%). 
Each one of the variables was coded in the following way: the code +1 corresponds to the highest real value of the variable and −1 represents the lowest.
In the case of the percentage of RA, the codes +1/3 and −1/3 depict the intermediate levels of this variable, that is, 40% and 20% respectively. Table 2 summarizes the above.
Results and Discussion
Indirect Tensile Strength (ITS)
A total of 16 combinations of levels have been studied; 4 levels of %RA × 2 levels of %S × 2 levels of NA. In order to predict the variance of pure error three replicates were conducted for each combination. Table 3 shows the results of the ITS and the ITSR for each sample studied. Furthermore, voids in mineral aggregates (VMA), air voids (Va) and voids filled with bitumen (VFB) have been included in it. Spanish PG-3 requirements are the following: voids in mineral aggregates must be greater or equal to 14%, air voids between 5% and 9% and no specification for voids filled with bitumen [15] . All the results for these parameters are in perfect compliance with the previous values. It was observed that the mixing times of the RA with the bitumen until reaching a coating of 100% are, at least, on the order of 1.5 times the mixing times required by the natural aggregates analyzed. In addition, the presence of RA makes the compaction of the hot bituminous mixtures more difficult. It is due to the greater roughness of the cement mortar adhered to the RA increases the internal friction between aggregate particles. Moreover, this difficult to compact the samples can be observed in Table 3 ; when the VMA and Va voids tend to increase when the percentage of RA grows. This behavior is more prominent when the NA2 is used as the aggregate. Table 3 also shows the ITS of the wet and dry samples (State).
Student's t-test was used to test individual regression coefficients on the proposed model (equation 2). According to this test, either the interaction between the percentage of water saturation and percentage of natural aggregate or the second order term related with recycled concrete aggregate is not statistically significant in the response of indirect tensile stress (ITS) of the specimen. Table 4 shows the statistical t-test results where H 0 states that β j = 0 in a bilateral test. In Table 4 "No" means that the null hypothesis must be rejected with a confidence level of 95% while "Yes" means the opposite. Therefore, discarding the coefficients with no statistical significance from the full model and recalculating the regression coefficients based on the original variables, the ITS equation can be written as follows: Table 5 summarizes the analysis of variance of the least squares problem. As can be seen, the p-value associated with the regression F 0 , the model is significant, i.e., there is at least one β j which is different from zero. In addition, the R 2 is 0.86 which indicates that 14% of the total response variance is due to unexplained reasons. Table 5 . Analysis of variance and lack of fit test. The sum of squares due to lack of fit and pure error is also included in the same table. With these variance terms, a lack of fit test was performed and concluded that there is no evidence that the regression model does not fit adequately.
Source of Variation
Sum of Squares
Degrees of
Taking into account that x 3 corresponds to the type of natural aggregate characterized by its quartz content, the expressions of ITS for schist and calcite dolomite aggregates are, respectively, the following:
NA1 : ITS = 1.06 + 6.08 × 10 −3 x 1 − 8.17 × 10 −4 x 2 − 8.98 × 10 −5 x 1 x 2 (4)
NA2 : ITS = 0.87 + 1.06 × 10 −2 x 1 − 8.17 × 10 −4 x 2 − 1.02 × 10 −4 x 1 x 2 .
A residual analysis was carried out to test the goodness of fit and by this way verify the suitability of the regression models of both natural aggregates. In Figures 3 and 4 , the expected residuals ranked by the rankit method against the observed ones assuming normal distribution with the same mean and variance of the latter are plotted for schist and calcite dolomite aggregates, respectively. It can be observed that the residues are normally distributed throughout the observed responses, which confirms the validity of the fit. Figures 5 and 6 show the response surface model and the experimental data for NA1 and NA2 respectively. As was expected, the ITS of the NA1 is greater than that of the NA2. It is because of the siliceous nature of RA and NA1. Besides that, in both cases, the influence of the percentage of recycled concrete material upon the indirect tensile strength of the dry samples results positively. The model indicates that when calcite is used as natural aggregate the influence of RA is higher than in schist one. Then, as was also expected, the addition of RA favored more the weaker natural aggregate. In general, the positive effect of RA upon the ITS can be explained as a result of the roughness of the RA surface that increases the internal friction of the mixture. Summarizing, the higher the percentage of RA is, the higher the ITS is. That is, RA improves the mechanical properties of the mixture when used in percentages up to 60%. The influence of the percentage of water saturation is the same for both cases, having a negative impact on the response. It was also an expected result; water could lead to the dissolution of some compounds of the RA, thus if humidity increases, the tensile strength goes down. The loss of adhesion between bitumen and the aggregates due to the presence of water can be explained thermodynamically.
The adsorption process between water and aggregates are more favorable in terms of Gibbs free energy than between bitumen and aggregates [21] .
The interaction between RA and water affects less NA1, that has more percentage of quartz than NA2. This result could mean that the adsorption energy between the components of the mixture is higher in the case of NA1 than in that of NA2, which has less quantity of quartz. In order to establish this hypothesis, measures of surface energy (γ) both in bitumen and aggregates (natural and recycled) must be done. Beside of this, the moisture damage index (MDI) should be evaluated as the ratio between the total adhesive bond energy for the dry and wet sample [22] . In addition, the siliceous nature of RA has a higher influence in the mixtures made with NA2 than in the mixtures made with NA1, because schist has a siliceous nature too, which reinforces the hydrophilic behavior of the mix [23] .
Indirect Tensile Strength Ratio (ITSR)
According to the t-test, as shown in Table 6 , for the ITSR, only the percentage of RA is significant in the model. Where β j are the coefficients of the coded variables and H 0 represents the null hypothesis.
From the values of Table 6 , the relationship between ITSR and the percentage of RA has a decreasing behavior. The penetration of water in a bitumen film is not an easy problem to explain. Several mechanisms were proposed such as spontaneous emulsification due to an inverted emulsion W/O; pore pressure, because of the presence of water in the structure of the pore of the mixture and the aggregate characteristics. [24] .
Taking into account the last mechanism, the recycled material used in this research behaved as a hydrophilic material because of the high amount of silica in it. Therefore, the capacity of the water to displace the bitumen in the mixture is the main cause of stripping of the mixture in this case.
According to Equations (1) and (4), the maximum RA percentage to achieve an ITSR equal or higher than 80% (minimum required by the Spanish specifications) is 16.8% in the case of mixtures made with schist as natural aggregate. Similarly, in the case of mixtures made with calcite dolomite as natural aggregate, the maximum RA percentage to achieve the minimum ITSR required by the Spanish specifications is 11.4%.
The above percentages could be improved using several processes of transformation of RA to improve the behavior of the mixtures against water. Pasandín and Pérez cured in the oven the mixtures for 4 h after mixing and before compaction at 170 • C. This methodology improved the stripping performance [25] . In addition, the same authors [26] proposed to pre-coat the recycled concrete aggregate with bitumen emulsion in order to improve the moisture damage resistance of mixtures made with RA. Lee et al. proposed to pre-coat the RA with a slag cement paste [27] . Zhu and Zhong coated the RA with a patented liquid silicone resin [28] .
Another possibility is with surfactants as antistripping agents. Most of them are cationic, although anionic can be used in some circumstances. Recently, one of the authors published research about a cationic non-commercial surfactant that it could be used as anti-strip additive [29] .
Conclusions
In this research, the stripping behavior of HMA, type AC 22 base G for base courses of road pavements, made with 0%, 20%, 40% and 60% of RA was analyzed. For this analysis, two types of natural aggregates were used: schist and calcite-dolomite. RSM methodology was used in order to analyze the ITS and the ITSR of such mixtures. The factors used in this study were the percentage of quartz in the natural aggregate, the water saturation and the percentage of RA. As a result, the following conclusions were drawn.
The model shows that there were interactions between the percentage of water saturation and the recycled concrete aggregate. Although quadratic terms were considered, they were disregarded when t-test for the significance of individual terms was undertaken.
According to this approach, the use of RA in percentages up to 60% improves the mechanical behavior of the mix. Moreover, it is more significant in ITS results when samples made with NA2
The percentage of water saturation had the same influence on the ITS results for both natural aggregates. The high water absorption coefficient, around 6%, of RA overshadowed the influence of the natural aggregate.
The joint influence of the percentage of water saturation and RA percentage on the ITS results is higher in NA2; it means that the interfacial bond energy is higher in NA1 because of the quartz influence.
ITSR decreases are directly proportional to the percentage of RA. The rest of the interactions are not significant according to t-test for the significance of individual terms.
Taking into account the Spanish specifications for ITSR, around 17% is the maximum RA percentage for mixtures made with schist as natural aggregate and around 11% for calcite dolomite ones.
Further Researches
Using several cationic surfactants as an anti-stripping agent and estimate the superficial free energy of the HMA, both wet and dry ones in order to obtain the indirect tensile strength ratio (ITSR) for moisture damage assessment.
